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The Scientific Method in 
Metallurgy 


Tue fifteenth annual Campbell Memorial Lecture 
was delivered before the American Society for Metals 
last October by Dr. S. L. Hoyt, Technical Adviser 
to the Battelle Memorial Institute, Columbus, Ohio.* 
He chose as his subject ‘‘ The Scientific Method in 
Metallurgy,’’ and selecting several independent lines 
of development he traced the evolution of metallurgy 
from the status of a descriptive art to that of an 
applied science. The great impetus in this direction 
was provided by modern developments of physics 
and physical chemistry. Dr. Hoyt regards as first 
and foremost among the factors which contributed 
to the foundation of scientific metallurgy the Phase 
Doctrine and the Phase Rule of Willard Gibbs. 
Gibbs, who occupied the Chair of Mathematical 
Physics at Yale University, contented himself with 
the development of the fundamental principles and 
was not concerned with the details of the application 
of the Phase Rule. His paper on the subject. was 
published in a somewhat inaccessible journal—the 
‘** Proceedings’ of the Connecticut Academy of 
Sciences—and was clothed in language that made 
difficult reading. It was, however, some years later 
widely applied, notably by van’t Hoff and by 
younger members of the Dutch school of chemists, 
including Professor H. W. Bakhuis Roozeboom, to 
whom its first application to’ metallurgical problems 
was due. The date of the publication by Roozeboom, 
at the invitation of Sir William Roberts-Austen, of 
his paper “ Iron and Steel from the Point of View of 
the Phase Doctrine ’” may be regarded as that from 
which some principle of order was introduced into the 
fragmentary temperature-concentration diagrams of 
metallic systems existing at that time. 

In the years following 1900 Roozeboom’s concep- 
tion of metallic alloys spread to students, and in turn 
was incorporated in the scientific research of the 
laboratory and in the technical practice of the 
industry. It came at a time when empirical data 
were being accumulated along the converging lines 
of microscopy, pyrometry and the determination of 
physical and mechanical properties, and united all 
these loosely related facts into a coherent system. 
In no other field has the phase doctrine been more 
useful than in the elucidation of the constitution of 
metallic alloys. 





* “Transactions ’’ of the American Society for Metals, 
December, 1940, Vol. 28, pages 757-796. 





A second line of development which has had a 
marked influence on the progress of scientific metal- 
lurgy is the science of crystal structure. Metallo- 
graphists from the earliest days of metallic micro- 
scopy in which observations were made of dendritic 
growth, Widmannstiitten structure, etching pits and 
the like, were convinced that metals were crystalline. 
A theoretically consistent system of crystallography 
had been worked out on the basis that atoms were 
arranged in crystals according to a fixed and repeating 
pattern, the Bravais lattice, and the crystalline 
system to which certain metallic crystals belonged 
could be identified, not only by the measurement of 
interfacial angles in the crystals of a few native 
metals, but also by microscopical evidence of etching 
pits, slip planes, strain figures, &c. The great advance 
occurred, however, with the introduction of X-ray 
crystal analysis. 

After the structure of the metallic elements had 
been determined the initial problem of X-rays applied 
to metallurgy was that of the formation of solid 
solutions. It had already been recognised that to 
achieve mu‘ual solubility the metals had to be of the 
same crystal habit and of approximately equal 
atomic volume. Crystal analysis, however, placed such 
speculations on a firm basis and extended the con- 
ception of solid solutions. X-ray evidence showed at 
once that two types of solid solutions can be dis- 
tinguished. It was observed, for solid solutions of 
carbon in iron, that the density does not agree with 
that calculated from X-ray determinations when the 
assumption is made that the carbon atoms occupy 
regular positions on the iron lattice. Instead, the 
actual density is somewhat greater and by the correct 
amount if the carbon atoms are in the interstices. 
This type of solid solution is formed by small atoms 
and is called the “ interstitial ’’ solid solution. The 
more common form is the substitution type of solid 
solution, in which atoms of the added element are 
substituted for atoms of the parent metal in the lattice. 

It is now recognised that the factors which govern 
the formation of solid solutions include the structure 
of the parent metal, the structure of the added metal, 
the relative size of the two atoms, the position of the 
elements in the periodic system, and their valencies. 
Dr. W. Hume-Rothery, to whose work Dr. Hoyt pays 
a special tribute, has shown the great significance of 
the size and valency factors. Even before the days 
of crystal analysis Professor Carpenter suggested that 
there must be some correlation between corresponding 
phases of similarly shaped diagrams, and at first 
X-ray structure data did little more than prove that 
such suggestions were correct. Later the reason why 
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this should be so was given by Hume-Rothery, who 
showed that the structurally similar phases of 
systems such as copper-tin, copper-zine, silver- 
cadmium, &c., have the same ratio of total number of 
valency electrons to total number of atoms. This 
ratio is now recognised as one of the fundamental 
relationships which control the composition of the 
different phases and the formation of an important 
group of intermetallic compounds. The ratios are 
3:2, 21:13 and 7:4 for three distinct phases in 
many alloy systems. For example, one such phase is 
Cu3,Sng, and structural considerations show that it 
is of this composition, having 63 valency electrons 
and 39 atoms or a ratio 21: 13, and not that repre- 
sented by the formula Cu,Sn, which would agree with 
ordinary valency conceptions. As expressed by 
Hume-Rothery, ‘“‘ the usual valency rules are the 
result of the fact that certain definite numbers of 
electrons constitute stable groupings and that the 
whole of the available valency electrons are bound 
into a stable group. - Consequently if free electrons 
are left over to form a truly metallic compound, the 
valency relations must be different from those in the 
normal compounds, and we shall in general expect 
the ordinary valency rules to break down.” 

In contrast to these two lines of definite achieve- 
ment resulting from applications of the scientific 
method, Dr. Hoyt turns to the problem of plastic 
deformation. In this field over a long period of years 
extending, to mention only the work done at Cam- 
bridge, from that of Ewing and Rosenhain down to 


that of G. I. Taylor, facts of very great importance - 


to any valid theory of plastic deformation have been 
accumulated. X-ray crystal analysis has served to 
present a more perfect picture of the fundamental 
phenomena. Dr. Hoyt compares the present position 
with that of the knowledge of alloy systems before 
that subject was clarified by the application of the 
Phase Rule. Without an adequate theory of the 
metallic state it is, in this case, impossible to classify 
the data and interpret them in terms of general laws 
covering the precise atomic mechanism of plastic 
deformation and strain hardening. Dr. Hoyt dis- 
cusses in detail much of the evidence and some of the 
modern theories about plastic deformation, none of 
which is found to be completely reconcilable with the 
basic experimental facts. Of the older ‘‘ amorphous 
metal’? hypothesis he remarks: ‘“‘ Amorphous metal 
occupied a position precisely ‘similar to that of the 
other mythical constituent of metallurgy, beta iron, 
which, though its occurrence in high-carbon steel was 
never proved, and its hardness was never shown to be 
an outstanding characteristic, was held to be respon- 
sible for hardening on quenching. In both cases we 
have examples of the method of Aristotle, and amor- 
phous metal, like beta iron, was simply endowed with 
those properties for whose explanation it was created, 
and then assumed to exist at the proper places.” 

In this outline of the well-ordered fields of hetero- 
geneous equilibria of metallic systems and of crystal 
structure, and in his review of the subject of plastic 
deformation, about which there is so much specula- 
tion, confusion and disagreement, Dr. Hoyt has put 
forward a powerful and convincing argument in 
favour of the scientific method, the dominant note of 
which is to adhere to demonstrable facts and only to 
build postulates in accordance with these. “If, 
instead,”’ he says, “‘ we elect to clothe ignorance in 
empty words, we run counter to the experience in 
scientific procedure which has been gained through 
the travail of the centuries since Galileo stood on the 
tower of Pisa.”’ 





Effect of Rate of Heating on 
Grain Size 


In an investigation of the critical cooling rate 
and grain size of high-purity iron-carbon alloys, 
T. G. Digges! recorded that grain size established 
at temperatures ranging from 1425 deg. to 1600 deg. 
Fah. (774 deg. to 871 deg. Cent.) increased markedly 
with decrease in the rate of heating through the 
critical range, whereas the grain size at 1800 deg. 
Fah. (982 deg. Cent.) was not so noticeably dependent 
on the rate of heating. The experimental evidence 
in support of this statement has been published 
by S. J. Rosenberg and T. G. Digges,? who have 
also investigated to what extent the same conclusion 
applies to commercial steels. Using the technique 
previously described by Digges, they have studied 
the effect of different rates of heating through the 
critical range on the austenitic grain size of the 
high-purity alloys, of commercial steels, both 
‘* controlled ’” (containing aluminium) and “ non- 
controlled,’ and of experimental steels made by 
pack-carburising or by gas-carburising a 0-2 per 
cent. carbon steel containing 0-015 per cent. of 
aluminium. The rates of heating through the range 
1325 deg. to 1450 deg. Fah. (718 deg. to 788 deg. 
Cent.) varied from 3 deg. Fah. per minute to 1875 deg. 
Fah. per minute, and to the still faster rate obtained 
by plunging the specimen, only 0-04in. thick, into 
a lead bath at the maximum temperature required. 

The results obtained with the high-purity alloy 
containing 0-5 per cent. of carbon were as already 
indicated. Coarser grains were produced at the 
lower temperatures with slow rates of heating than 
at the higher temperatures with fast rates of heating. 
With slow rates of heating coarse grains of the 
same order of magnitude were obtained at all tem- 
peratures. The effect was less evident in hyper- 
eutectoid steels. 

Commercial 0:49 per cent. carbon steels, both 
with ‘‘non-controlled’’ and ‘‘controlled”’ grain 
size (aluminium 0-0025 and 0-02 per cent., respec- 
tively), behaved differently in that the grain size 
tended to increase with increased rate of heating. 
A slow rate of heating diminished the grain size of 
both steels at 1475 deg. Fah. (801 deg. Cent.), and 
of the ‘‘ non-controlled ”’ steel at high temperatures 
also. With ‘“‘non-controlled”’ steel containing 
carbon 1-05 and aluminium 0-004 per cent., rate 
of heating had no _ significant effect. With 
‘‘controlled ’’ steel containing carbon 1:05 and 
aluminium 0-013 per cent. heated in the lower 
temperature range, the coarsest grains were produced 
by an intermediate rate of heating, whereas at 
higher temperatures the coarsest grains were produced 
by the slowest rate of heating, as with the high-purity 
alloys. The grain size of the experimental steels 
containing about 0-5 and 1-0 per cent. of carbon 
with 0-015 per cent. of aluminium, was not affected 
by rate of heating. 

The evidence produced by Rosenberg and Digges 
seems to be quite as conflicting as that recorded by 
previous investigators. M. A. Grossman,* and H. 


Tobin and R. L. Kenyon! found the austenitic 
grain size to be independent of the investigated 
rates of heating through the critical temperature. 
T. G. Digges and L. Jordan® found no significant 
difference in depth hardening (which is dependent 
on grain size) in 1 per cent. carbon steels heated at 
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different rates to the hardening temperature. Starting 
with coarse-grained specimens, C. H. Herty, Jun., 
D. L. McBride, and 8. O. Hough* found equal grain 
refinement of aluminium-killed steel with all rates 
of heating to 1520 deg. Fah. (827 deg. Cent.), but the 
greatest refinement of silicon-killed steel when the 
rate of heating was slow. 

It seems clear that the conclusion arrived at for 
medium-carbon, high-purity alloys, viz., the slower 
the rate of heating through the critical range the 
coarser the grain size at slightly higher temperatures, 
cannot be applied generally to other steels. The 
grain size of a steel may be unchanged, or may be 
affected in the manner indicated above, or in the 
opposite sense, and at present there appears to be 
no rule governing its behaviour. This factor, how- 
ever, is one which should not be overlooked in 
considering the effect of the very rapid heating 
characteristic of induction hardening or in fore- 
casting, by means of laboratory experiments, the 
properties of large masses slowly heated in a furnace. 


REFERENCES 


1 See THE METALLURGIST, October, 1940, page 133. 

2 U.S. National Bureau of Standards, Journal of Research, 
August, 1940, 25, 215, 

3 ** Trans.,”’ Amer. Soc. Metals, 1934, 22, 861. 

4“ Trans.,’”’ Amer. Soc. Metals, 1938, 26, 133. 

5“ Trans.,’’ Amer. Soc. Metals, 1935, 23, 839. 

® Mining and Met. Investigations, U.S. Bureau of Mines, 
Co-operative Bulletin 65, 1934. 








Structural Changes Accompanying 
Age-Hardening 


THE phenomenon of age-hardening or precipitation- 
hardening is of the greatest practical importance and 
therefore any investigation which may throw light 
on the mechanism of the process is to be welcomed, 
even when it is not carried out on a commercially 
valuable alloy. Duralumin was the first alloy in 
which the effect was observed and most of the work 
on the subject has been carried out on aluminium 
alloys, and, in fact, on alloys of aluminium and 
copper; but a valuable contribution has recently 
been made to the subject by C. S. Barrett and A. H. 
Geisler! in a paper on “‘ The Atomic Distribution in 
Aluminium-silver Alloys During Ageing.” 

The binary silver-aluminium alloys are not employed 
for industrial purposes, and the ternary alloys to 
which the addition of silver has been suggested (e.g., 
silver-manganese-copper-aluminium alloys) would 
probably have been equally good without it ; but the 
silver-aluminium system is one in which definite 
ageing effects can readily be produced. The diagram 
indicates that with increase of silver content a 
eutectic is formed of « solid solution and B (AlAg,) at 
about 60 per cent. of silver and 560 deg. Cent. The 
solid solubility of silver in aluminium is 40 per cent. 
at the eutectic temperature, 20 per cent. at 450 deg. 
Cent., 4 per cent. at 300 deg. Cent., and possibly 
about 1 per cent. at 200 deg. Cent. and 0-5 per cent. 
at atmospheric temperature. If a quenched solid 
solution alloy is reheated to 150 deg. Cent. no pre- 
cipitated AlAg, can be seen under the microscope, 
but an attoy so treated is harder, and is attacked more 
readily by etching reagents than the same alloy 
quenched, but not reheated. After treatment at 
200 deg. Cent. a fine precipitate is visible and after 








treatment at 250 deg. Cent. the particles are seen to 
be acicular. 

It became evident many years ago that precipita- 
tion is preceded by some localised concentration of 
the solute atoms and that such a change must account 
for the phenomenon of hardening by ageing at 
ordinary temperatures. A. Guinier? and G. D. 
Preston® have independently shown that soon after 
a copper-aluminium alloy has been quenched from a 
temperature within the solid solution range, a set of 
streaks begins to appear in the Laue photograph, 
superimposed on the normal diffraction pattern. The 
streaks constitute a diffraction pattern resembling 
that of a two-dimensional crossed grating. The 
streaks are caused by the occurrence of small plate- 
like clusters of copper atoms on the (100) planes of 
the solid solution. These clusters are only a few 
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Angstrom units in thickness, and perhaps 50 to 
200 A.U. in length and breadth, and are distributed at 
random through the matrix. As they lack periodicity 
in one dimension they give rise to diffraction maxima 
characteristic of two-dimensional gratings. In this 
way they are analogous to streaks in Laue photo- 
graphs of various micas, which were shown by S. B. 
Hendricks‘ to be produced by lack of lattice periodi- 
city normal to the cleavage plane of the mica crystal. 
At 100 deg. Cent. the segregation is confined to the 
formation of these thin random plates. After heating 
at 200 deg. Cent. the streaks resolve themselves into 
spots and the stable precipitated phase is present. 
This consists of tetragonal CuAl, crystals, the (001) 
planes of which are in contact with the (100) planes 
of the aluminium on which initial segregation of the 
copper occurred. 

In the work of Barrett and Geisler an analysis was 
made of Laue photographs of single crystals of 
aluminium-rich silver-aluminium alloys during ageing. 
The specimens had received a solution treatment at 
560 deg. Cent. for eighteen hours; they were then 
quenched in iced water and aged for various times at 
temperatures between room temperature and 320 deg. 
Cent. It was shown that crossed grating diffraction 
effects arose in the early stages of the precipitation 
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process, somewhat as with the copper-aluminium 
alloys, but with important crystallographic differ- 
ences. The crossed gratings were parallel to the (111) 
planes of the solid solution in the present case and 
were thus directly related to the habit of the precipi- 
tated crystals when they have grown to visible size, 
for R. F. Mehl and C. 8. Barrett’ have shown that 
they are then plate-like and parallel to the (111) 
planes. On the other hand, the copper-aluminium 
alloys which contain crossed gratings on (100) planes 
in the early stages of ageing show plate-shaped pre- 
cipitated crystals on (100) planes when they have 
grown to visible size. In the early stages of ageing 
of the silver-aluminium alloys the gratings on the 
various (111) planes appeared to be between one and 
five unit cells thick after most heat treatments. Their 
lateral extent varied with the temperature of ageing 
and was of the order of 50 unit cells at room tempera- 
ture and many times greater than this at 150 deg. 
Cent., as indicated by the width of the streaks. These 
streaks were observed. when the ageing was carried 
out at 150 deg. Cent. or below, but not at higher 
temperatures. When the ageing was continued for 
three hours at 200 deg. Cent. or for shorter times at 
higher temperatures new spots began to appear along 
the Laue streaks, and powder photographs of the 
alloy at this stage showed that the normal precipitate 
had formed. This is a hexagonal close-packed 
structure with random distribution of silver and 
aluminium atoms. The new spots fell with the (0001) 
plane of the precipitate, 7.e., the basal plane ‘of the 
hexagon, parallel to the (111) plane of the solid 
solution. 

Two possible explanations of the mechanism of 
ageing of these alloys are put forward by Barrett and 
Geisler. The first is analogous to the theories of 
Preston and of Guinier for the copper-aluminium 
alloys, and the second is a derivative of the mech- 
anism postulated ten years ago by Mehl and Barrett® 
for precipitation in the silver-aluminium alloys. 

The first theory is that silver atoms concentrate 
into thin plate-like clusters that lie parallel to various 
(111) planes in different regions of the solid solution 
crystal. These parallel clusters, which are spaced 
approximately at random, can be viewed as the first 
stage in the complex precipitation process, identical 
with or followed by a stage in which a transition 
lattice is developed and ultimately the normal pre- 
cipitate lattice is formed. The-basal plane (0001) of 
the precipitate can form from the (111) plane of the 
face-centred cubic matrix by merely shifting certain 
of the (111) layers of atoms parallel to themselves 
and without altering the direction of the closest 
packed strings of atoms in these planes. In different 
regions of the crystal the process occurs in different 
planes of the (111) type and in each region a distinct 
orientation of the precipitated crystallite occurs, 
giving a total of four orientations for the precipitate. 
The precipitated particles retain their plate-like habit 
in growing to a visible size and produce a Widmann- 
statten pattern of thin plates on (111) planes. 

The second theory for the origin of the crossed 
grating pattern is that the phase transformation 
starts at a great number of randomly distributed 
nuclei. In the early stages of the ageing process the 
alloy consists, on this view, of thin lamelle of the 
hexagonal close-packed phase distributed at random 
spacing through the face-centred lattice parallel to 
the (111) planes in the latter. This could result from 
local regions in which a (111) plane glides over its 
neighbour, as in crystallographic slip. If shifts of 


this kind take place with proper regularity they alter 





the sequence of planes of the face-centred lattice into 
the sequence for the hexagonal lattice. If, on the 
other hand, shifting is random it leads to a destruction 
of periodicity, for atoms will only be directly over each 
other at distances nd, where d is the spacing of the 
(111) planes and n=2, 3, 4, 5, &c., at different places 
in the crystal. This would produce diffraction effects 
such as were observed. With further ageing a con- 
sistent scheme will replace the haphazard one in the 
same way that long-distance order replaces local order 
in superlattices, and sharp Laue spots from the pre- 
cipitated lattice will appear along the streaks when 
some precipitated particles are large enough in all 
dimensions to give three-dimensional diffraction. 
When the precipitated particles have visible size this 
process would be expected to produce the micro- 
structures and Widmannstitten orientations actually 
observed. 

Which of these two theories describes the pre- 
precipitation nuclei the more accurately cannot, in 
the opinion of Barrett and Geisler, be stated at 
present ; nor can it be concluded that these are the 
only kinds of nuclei capable of explaining the diffrac- 
tion effects. But nevertheless the essential features 
of the process are clear. In the early stages of the 
ageing of the quenched silver-aluminium alloys there 
are plate-like nuclei of extreme thinness on randomly 
spaced (111) planes. These may consist of (a) clusters 
of silver atoms or (6) imperfect lattices caused by the 
(111) layers of atoms shifting parallel to themselves 
as required for the transformation from the face- 
centred cube to the hexagonal close-packed lattice, 
but with the shift occurring on random planes, thus 
destroying the lattice periodicity in the direction 
normal to these planes. In either case the nuclei 
consist of, or develop into, a transition phase which 
later decomposes into a stable precipitate. In both 
the copper-aluminium and silver-aluminium alloys 
the orientation, (100) and (111) respectively, of the 
nuclei governs the orientation and shape of the 
Widmannstitten. precipitate. The analogous, though 
different, behaviour of these two alloys suggests that 
this is a general rule and lends new interest to the 
study of microstructures of the Widmannstatten type 
in alloys subject to age hardening. 
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Flakes in Forgings 





OnE of the most serious difficulties encountered 
in the manufacture of alloy steel forgings for ordnance 
in the 1914-18 war was the occurrence of the defects 
sometimes known as flakes or sometimes as _ hair- 
cracks. They were first noticed as approximately 
circular white areas on the fractures of transverse 
tensile test pieces, which were otherwise normal in 
appearance, but which gave low values for elongation 
and reduction of area. When discs cut from forgings 
which gave these defective test pieces were etched, 
the defects could be seen as fine cracks occurring only 
in an area well below the surface, the surface metal 
to a depth of lin. or more being quite sound and free 
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from flaws. The occurrence of flakes has been noted 
from time to time during the intervening period down 
to the present day, and therefore the paper by F. B. 
Foley,* Superintendent of Research, The Midvale 
Company, Philadelphia, on ‘‘ Flakes and Cooling 
Cracks in Forgings,” is one which demands attention. 
According to Foley, a distinction must be drawn 
between the genuine flake and cooling cracks. There 
is some evidence that the flake which gives rise to the 
appearance described above is not a discontinuity. 
The following record of tests supports this view :— 


Average Tensile Properties 
Flake-free bars. Flaky bars. 


Number of bars ... ... ... «.. 182 sap. one ee 
Elastic limit, tons per square inch 30-5 30-4 
Tensile strength, tons per square 

MAA hag Siar ang Taees. 54, cade) ee 43-3 
Elongation, per cent. ..... 19-5 11-6 
Reduction of area, per cent. 37-5 20°5 


The average reported “elastic limit ’’ for the good 
bars is the same, within experimental error, as that 
of the defective bars. The tensile strength of the 
flaky bars is lower than that of the good bars. This 
may be explained by supposing the flake not to be a 
discontinuity which would cause a sudden failure at 
low load, but an area of low ductility which does not 
elongate as does the normally tough metal surround- 
ing it after the elastic limit has been passed. The 
brittle areas therefore separate, leaving the load to 
be sustained by the tough surrounding metal until the 
breaking load is reached. These flakes, it is claimed, 
can be eliminated by heat treatment. The properties 
given in the accompanying table are averages of 
results from two test bars. All came from a l}in. 
thick, 15in. diameter disc which had been cut along 
two diameters to produce four quarters which were 
treated as shown in the table. The area of the flakes 
was measured with a planimeter on photographs of 
the test bar fractures. A general decrease in the area 
of the flakes, with corresponding improvement in 
tensile strength and elongation, resulted from the 
increased degree of refinement produced by the treat- 





with flakes in the forging from the top, but they were 
quite prevalent in the forging from the bottom of the 
ingot. When a maximum temperature of 1150 deg. 
Cent. was set for heating the ingot flakes practically 
disappeared. 

As opposed to this type of flake, which Foley 
regards as the genuine variety, another defect more 
accurately, in Foley’s opinion, described as a cooling 
crack, appeared in the metal from another plant. 
Test bars containing this type of defect showed definite 
metallic discontinuities before being stressed and 
broke before attaining their normal elastic limit, 
without elongation or reduction of area. A striking 
characteristic of this type of defect was said to be 
large grain size, whereas sound areas had a finer grain 
size. It was found to be the operations which result 
in the coarsest grain structure which produced the 
greatest tendency towards the development of these 
cooling cracks. It is claimed, however, that they can 
be welded up and there is, according to Foley, no 
stage at which hot working will not fully correct this 
type of defect. 

It is now well known that a cure for internal cooling 
cracks, whatever their cause may be, is slow cooling 
of the forging in a particular range of temperature, 
probably from 700 deg. to 400 deg. Fah. (371 deg. to 
205 deg. Cent.). The temperature range in which 
internal cracking occurs is probably different for 
different compositions of steel., Carbon steels are not 
very susceptible to the formation of this type of 
defect, but are not wholly immune if “‘ shatter cracks ”’ 
and “transverse fissures’’ in rails and tyres are 
correctly assumed to have their origin in defects of 
this type. Such defects have been practically elimi- 
nated by the use of a controlled rate of cooling. While 
relatively high-carbon steels may be more susceptible, 
the greatest trouble has been experienced with the 
low alloy chromium, chromium-molybdenum, nickel- 
chromium and nickel-chromium-molybdenum steels. 
It is the basic electric furnace which, in the opinion 
of Foley, produces the greatest proportion of flaky 
steel. He claims considerable authority for the state- 


Elimination of Flakes by Heat Treatment : 
Basic electric furnace steel. C, 0-40; Mn, 0-52; P, 0-027; 8S, 0-027; Si, 0-12; Ni, 2-99; Cr, 0-14 per cent. 


! 
| 


Proportional 





Treatment. imit, 
tons per 
square inch. 
pe tic ag a a Be eee ee 
As received... ated het aa oe 23-0 
760 deg. Cent., 2 hours. Water bea \ 33:5 
650 deg. Cent., 2hours. Slow... 0. we, ae 
815 deg. Cent., 2 hours. Water ... ... ... } 
760 deg. Cent., 2hours. Water ... ... ... 29-2 
650 deg. Cent., 2 hours. Slow Won, caer, Pasa tl 
870 deg. Cent., 2 hours. Slow } 
815 deg. Cent., 2 hours. Water ... ... ... | 34-6 
760 deg. Cent., 2hours. Water ... ... ... { kemity 
650 deg. Cent., 2hours. Slow... ...  «..J | 
ments. Discontinuities would not be expected to 


respond to treatment in this manner. 

This type of defect was found in practice to be 
associated with overheating of the forgings. Measure- 
ments of the temperatures to which ingots were heated 
in a plant where this defect was prevalent showed that 
the bottom end was being heated to as high a tempera- 
ture as 1427 deg. Cent. and the top end to about 
1205 deg. to 1260 deg. Cent. Two forgings were 
made from each ingot. Little trouble was experienced 





* Metals and Alloys, October, 1940, Vol. 12, page 442. 


| 








| AEHST | 
| 


Tensile | Reduction 
strength, Elongation, | of area, Area of 
tons per per cent. | percent. | flakes. 
square inch. | | 
ni Pe ae a aaa act ee raetaan 
37-7 | 3-75 14-25 | 64-1 
41-7 | 5°5 17-0 22-8 
| 
42-7 6-75 | 158 | 16-4 
| 
45-7 11-5 24-2 9-7 


ment that acid steel is less prone than basic to develop 
defects of this type and, in fact, states that he has yet 
to encounter flakes in acid steels. A large part of the 
difficulty arises in the production of alloy steel 
forgings of large section. Susceptibility appears to 
start in sections of 2in. to 3in. Smaller sections 
rarely, if ever, develop flakes under normal con- 
ditions. This is consistent with the fact that they are 
not developed in the outer inch or so of surface metal. 

These facts regarding size do not appear to fit in 
logically with the use of a slow cooling rate for their 
elimination, since the defects are not developed in the 
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smaller sections and the outer layers, which cool most 
rapidly. However, an explanation of this anomaly 
becomes apparent if the effect is due to hydrogen. 

In connection with the hydrogen theory, attention 
must be directed to an extremely comprehensive 
review of the subject by C. A. Zapffe and C. E. Sims,t 
under the title of ‘‘ Hydrogen, Flakes and Shatter 
Cracks.” This contribution from the Battelle 
Memorial Institute, accompanied by an extensive 
bibliography, should prove to be of very great value 
to those who wish to become more fully acquainted 
with the voluminous literature of the subject, and 
especially with that of the hydrogen theory. The 
conclusion that flaking is due to the presence of 
hydrogen in the steel was arrived at largely as a result 
of finding cooling cracks to occur inevitably after 
appropriately cooling steels into which hydrogen had 
been purposely introduced. There seems to be no 
doubt that hydrogen in sufficient amounts will cause 
cooling cracks and that, even in such cases, controlled 
cooling will prevent their occurrence. It has been 
shown that the liberation of hydrogen during cooling 
can build up pressures sufficiently high to rupture 
steel. The absence of cracks in the outer layers is 
attributed to the fact that hydrogen escapes and as 
the surface cools more rapidly than the interior of the 
large sections it is strengthened and the stresses 
developed in the weaker interior by the liberation of 
gas are relieved by local cracking. 

It has not been shown that hydrogen is the only 
factor which will render steels susceptible to this 
defect, and there is no evidence to show conclusively 
that the normal content of hydrogen, which may 
enter steel during melting, can account for the diffi- 
culty. Nevertheless, since hydrogen has been shown 
to be an element which can produce cooling cracks, 
its elimination as far as is practicable during melting 
is a step in the right direction. Molten steel dissolves 
many thousand times as much hydrogen as does cold 
steel, and it is therefore desirable that the steel- 
making process should be examined for possible 
sources of hydrogen. This has been done by Zapffe 
and Sims, who record as the main sources of hydrogen 
moisture in the air, which may possibly give rise to a 
seasonal variation in the incidence of defects, rust on 
scrap and mill scale (the volume of the hydrogen 
derived from a 1 per cent. addition of rust is twenty 
times the volume of the bath of steel), lime, which 
avidly absorbs water and ‘should be carefully dried 
before being added to the charge, and ferro-alloys 
which are under suspicion on account of their hydrogen 
content. = 

The following recommendations are made by 
Zapffe and Sims, as a result of their study of all 
aspects of the subject, regarding the procedure to be 
followed for preventing the formation of flakes in 
steel :- 

(1) Select a charge that is free from moisture and 
rust. The calcined lime used for the final slag in the 
basic electric furnace undoubtedly accounts for the 
fact that steels made by that process show the 
greatest tendency to flake. The lime should be care- 
fully dried and stored in moisture-proof containers. 
Ferro-alloys, especially if they are to be added late 
in the heat or in the ladle, should be dried before 
using. 

(2) In processes requiring a draught or blast of 
air, dry the air before using. If the air is not dried, 
melting in humid or rainy weather will be especially 
unfavourable. 





pages 


{ Metals and Alloys, May to August, 1940, Vol. 11, 
Vol. 12, pages 44 and 145. 


145 and 175: 





(3) Use a vigorous boil lasting about one hour, 
according to Russian work. The rate of carbon 
elimination should not be less than 0-1 per cent. per 
hour. The acid open-hearth will perhaps permit a 
rate of 0-2 to 0-3 per cent. per hour without over- 
oxidising the melt. A total elimination of 0-5 per 
cent. is optimum. High temperatures are recom- 
mended by the British. 

(4) Shorten the refining period. Avoid late addi- 
tions to the bath. Tap at the lowest feasible tempera- 
ture, according to the British and the Germans. 

(5) Avoid mould washes that contain hydrogen. 
The shape of the mould is without influence. 

(6) Pour slowly and prevent splashing and foaming. 
Bottom pouring is recommended. 

(7) Strip the ingots at about 600 deg. Cent. 
(1100 deg. Fah.) and place them in the soaking pit 
until they are uniformly heated to the forging tem- 
perature ; or, if they are not to be forged imme- 
diately, bury them, after stripping, in ashes, slag 
wool, charcoal dust, or some other insulating material, 
and let them cool slowly almost to room temperature. 
Hot working before cooling is beneficial. 

(8) After forging cool the material in the manner 
just stated, being particularly careful that the cooling 
rate is exceedingly slow through the temperature 
range where the steel is no longer plastic. This pre- 
caution is important, not only because both the 
solubility and diffusibility of hydrogen decrease with 
decreasing temperature, but also because internal 
stresses are only slowly relieved at temperatures 
below about 400 deg. Cent. The ends of forgings that 
are too long to finish in one heat are apt to cool to 
the flaking temperature. Some insulating wrapping 
on these ends will prevent this. 








Hydrogen Embrittlement of 
Copper 


Ir has been recognised for the last forty years that 
the embrittlement of copper produced by annealing in 
reducing atmospheres is due to the presence of oxide 
in the copper and that an efficiently deoxidised copper 
is not damaged by annealing in hydrogen, which is 
the element responsible for the embrittlement. Even 
in a nominally neutral atmosphere a small amount 
of hydrogen is sufficient to produce embrittlement. 
Thus, L. L. Wyman! has found that embrittlement of 
tough-pitch copper will occur on annealing at 700 deg. 
to 900 deg. Cent. in steam when a steel container is 
used, but not when the container is made of quartz. 
At these temperatures in the presence of iron hydrogen 
is formed from the steam. Any embrittlement which 
may occur during the commercial annealing of copper 
in a steam atmosphere at lower temperatures must be 
due to the presence of dirt, grease or other foreign 
matter. Earlier investigations of Wyman? on copper 
embrittlement have demonstrated that copper, 
deoxidised with several of the commonly used agents 
that confer immunity to ordinary hydrogen embrittle- 
ment, can still be embrittled if it is annealed alter- 
nately under oxidising and reducing conditions. 
During the oxidising cycle, oxygen diffuses into the 
copper and frequently deposits a ‘‘ subscale’? com- 
posed of the oxide of the residual deoxidising agent. 
Upon subsequent reduction with hot hydrogen the 
copper becomes ruptured along the grain boundaries 
to a depth sharply limited by the previous penetration 
of oxygen. 
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This has led F. N. Rhines and W. A. Anderson’ to 
re-examine the position with special reference to 
“Hydrogen Embrittlement of Pure Copper and of 
Dilute Copper Alloys by Alternate Oxidation and 
Reduction.’ In the course of their paper they give 
the following excellent summary of the mechanism of 
hydrogen embrittlement :— 

“At temperatures higher than 400 deg. Cent. 
hydrogen will diffuse into copper containing cuprous 
oxide and will reduce the oxide to metallic copper and 
water vapour, leaving the metal ruptured along the 
grain boundaries.’ Hydrogen diffuses through copper 
much faster than the water vapour can escape by 
diffusion, and a pressure sufficient to rupture the 
metal is thus built up.° The cracks and holes appa- 
rently occur at the grain boundaries, because of 
inherent weakness there, because of more favourable 
conditions for nucleation there, because the oxide is 
more plentiful there, or because hydrogen enters more 
rapidly at the grain boundaries ; on the other hand, 
it is conceivable, though less probable, that rupture 


Embrittlement of Copper Containing Small 


Additions of Other Elements. 





which shows a maximum at 800 deg. Cent.,” this 
increase continues at least to 1000 deg. Cent. The 
log. of the square of the depth of embrittlement in 
unit time is usually a linear function of the reciprocal 
of the absolute temperature. This relationship has 
not been stated previously, but can be derived from 
the data of Pilling,» Wyman? and several others. The 
results of any single investigator are usually self- 
consistent, but the discrepancies among the several 
rate studies reported in the literature suggest that the 
absolute value of the rate is subject to many variables, 
of which the distribution of the oxide is probably the 
most important. The decrease in the rate above 
800 deg. Cent. in cast copper has been ascribed to a 
welding of the cracks after the steam is released.” 

The rate of embrittlement decreases gradually as 
the hydrogen pressure decreases ; at very low pres- 
sures the rate of decrease is more rapid.6 Oxygen- 
free or deoxidised copper is not susceptible to 
embrittlement upon annealing in hydrogen® unless it 
has first been heated in an oxidising atmosphere.? 


Typical Results Obtained by Rhines and Anderson 























Internal oxidation only. Annealed in hydrogen only. Internally a and 
annealed in H 
Alloy composition, per cent. -————_______—_--— — — 
(remainder copper). Number of 90 deg. bends. Number of 90 deg. bends. Number of 90 deg. bends. 
First crack. Rupture. First crack. | Rupture. First crack. Rupture. 
Cobalt, 0-14 percent. . 11 23 1 ] $ 4 
Chromium, 0-10 ) per cent. 15 20 4 j 2 2 
Arsenic, 0-03 per cent. 20 224 l 1} 2 2 
Bismuth, 0-03 per cent. ... 18 20 1 1} 2 2 
Antimony, 0-03 per cent. 13 16 3 } 4 4 
Aluminium, 0-03 per*cent. ... 6 11 15 22 1} 24 
Boron, 0-05 per cent. ee aed 164 173 | 19 25 4 3 
Lithium, 0-02 per cent. ... 12 14 21 28 2 3 
Magnesiurn, 0-11 per cent. p4 7 15 24 1} 2 
Manganese, 0-22 per cent. P3 6 15 21 4 2 
Silicon, 0-045 per cent. ...... 13 164 20 23 $ s 
Phosphorus, 0-03 ‘i cent. ... 9 10 11 16 3 4 
Zinc, 0-21 per cent.. Saree | has 15 16 14 17 $ 4 
Beryllium, 0-054 per cent. ... 5 10 | 12 14 64 9 
Gallium, 0-03 per cent. ... .. 18 21 } 12 124 10} il 
Zirconium, 0-16 percent. ... 6 12 | 12 18 5 6 
Nickel, 5 per cent. sae eet teers 24 24 16 17 4 23 
Zinc, 9-52 (Be 0- ane 3 16 21 24 1] 204 
Tin, 4-93 (Be 0-006) . 4 16 19 203 1 7 








actually occurs randomly and the copper grains 
simply grow during annealing until limited by the 
discontinuities. Although several early investigations 
indicated that carbon monoxide and other reducing 
gases could embrittle copper, it is now known that 
hydrogen is the only gas (whether initially present in 
the gas or formed by reaction with water or hydro- 
carbons) that will produce this type of embrittlement 
in copper.246 The oxygen may be present in any or 
all of several forms; cuprous oxide deposited as a 
eutectic mixture at the time of casting or precipi- 
tated from solid solution after an oxidising anneal, 
oxygen in solid solution, or oxides of other metals 
embedded in the copper. The effect is most pro- 
nounced in cast copper, where the oxide is most con- 
centrated and easily reduced, and becomes less pro- 
nounced as the oxygen is more homogeneously dis- 
tributed, as in a solid solution, or when it is combined 
in a less easily reduced form, as in the oxide of some 
alloying element. In all cases the rate at first increases 
with the temperature and, except in cast copper, 

















In this case the rate of oxidation is much slower than 
that of the penetration of hydrogen, and except in 
very short reducing treatments the depth of embrittle- 
ment is controlled by the slower rate of internal 
oxidation. Hydrogen embrittlement varies in its 
severity both in the depth of penetration of the effect 
and in the size and degree of continuity of the ruptures 
produced. Cuprous oxide or dissolved oxygen may 
be withdrawn from copper to such an extent by 
heating in pure dry carbon monoxide® that the 
susceptibility to hydrogen embrittlement is destroyed. 
Foreign oxides are but slowly removed, if at all, by 
this method.”’ 

Confirmatory observations and new results obtained 
by Rhines and Anderson* were incorporated into the 
above statement, but may be referred to in rather 
more detail. As a test for embrittlement Rhines and 
Anderson adopted the simple but effective method of 
bending specimens of strip, fin. thick and approxi- 
mately jin. by 2in. in cross section, in a special vice 
with jaws rounded to a radius of 4in. The samples 
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were bent first 90 deg. in one direction and then 
180 deg. in the opposite direction, and so on, each 
complete cycle being counted as four right-angle 
bends. The type of damage was also assessed by 
examination of the microstructure. 

A series of experiments made with copper, free 
from oxygen and containing no individual impurity 
detectable in quantity greater than 0-0001 per cent., 
gave the following results :— 

No. of right- 
angle bends. 
1. Annealed in dry hydrogen for two hours at 
800 deg. Cent.,about' ... .. . 33 

2. Annealed in Cu- Cu,0 powder ji in a nitrogen 
atmosphere for 164 hours at 800 deg. Cent., 
cooled in furnace, then reheated to 800 deg. 
Cent. for two hours in hydrogen 

3. Annealed in Cu-Cu,0 powder in a nitrogen 
atmosphere for forty- five hours at 800 deg. 
Cent. and then without lowering the tem- 
perature for two hours in hydrogen . 

Annealed in Cu-Cu,0 powder in a nitrogen 

atmosphere for forty-five hours, then without 
lowering the temperature for four hours in 
dry carbon monoxide and then again without 
lowering the ee for two hours in 
hydrogen ... sy tale rhe 


Thus some degree of susceptibility to hydrogen 
embrittlement was conferred by oxygen in solid 
solution® and much more by precipitated oxide,? but 
treatment with carbon monoxide was effective in 
lowering the oxide content (without damage to the 
copper) to a point at which sensitivity of the copper to 
embrittlement by hydrogen was destroyed. 

A series of coppers with small alloy additions, made 
by Rhines® for a previous study of internal oxidation, 
was put through the following treatments :— 

(a) Heated for forty-five hours at 800 deg. Cent. 
while embedded in Cu-Cu,O powder in a closed 
chamber. 

(6) Heated for two hours at 800 deg. Cent. in dry 
hydrogen. 

(c) Given the treatment (4) above, designed to 
remove dissolved oxygen from the copper and leave 
the precipitated foreign oxides alone to produce the 
effect. 

A selection of the results after these three treat- 
ments is given in the table. Comparison of the angle 
of bend for the first crack and for complete rupture 
gives an indication of the depth to which the 
embrittling effect has penetrated, but the appearance 
of the first crack was a better indication of suscepti- 
bility to embrittlement than the angle of complete 
rupture. Varying quantities of oxide were inevitably 
introduced into the alloys when they were cast. The 
presence of this oxide may explain the unexpected 
embrittlement of some of the alloys; for example, 
those containing chromium and cobalt, given first 
in the accompanying table. It is unfortunate that 
oxygen contents are not given, though even in the 
absence of this information there are certain con- 
clusions which may be drawn from the results. 

Alloys of copper with small quantities of arsenic, 
antimony and bismuth were made very brittle by 
simple heating in hydrogen. This may have been due 
to the presence of oxides, but it is considered by the 
authors to be more probably accounted for by the 
formation of the volatile hydrides arsine, stibine and 
bismuthine under sufficient pressure to cause rupture 
of the alloy. 

Additions which provide a safeguard against simple 
hydrogen embrittlement are affected in varying degree 
by internal oxidation ; and after such oxidation has 
taken place the foreign oxides embedded in the copper 





are themselves susceptible to reduction by hydrogen 
at elevated temperatures, and so become a cause of 
hydrogen embrittlement. The oxides most readily 
reduced in hydrogen, such as those of manganese, 
nickel, phosphorus, tin and zinc, produce the most 
severe embrittlement ; but in the presence of the 
more stable oxides, such as those of lithium, beryllium 
and gallium, the effect is less. It is therefore important 
to recognise that additions, which are a complete 
safeguard against embrittlement, provided that 
ordinary reducing conditions are maintained through- 
out the treatment, are no longer of the same value if 
oxidising conditions are allowed to alternate with 
reducing conditions. 
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Books and Publications 


By R. ALLEN and G. E. 
1940. London: The 


Chrome Ore and Chromium. 
How1iine. 8vo, pp. 117. 
Imperial Institute. 2s. 6d. 


Tus is one of the series of Reports on the Mineral 
Industry of the British Empire and Foreign Coun- 
tries, and is of interest to the general metallurgist 
because it contains a valuable introduction on the 
uses of chrome ore and chromium, and illustrates the 
remarkable increase in output of chrome ore during 
the last twenty-five years. At first the demand for 
chrome ore came solely from the pigment industries ; 
then, in addition, from the refractory and chemical 
industries, and lastly in recent times from the metal- 
lurgical industries for the manufacture of chromium 
steels and alloys. In historical order the position of 
chief producer has shifted from the United States to 
Russia, to Turkey, to Russia, to New Caledonia, to 
Southern Rhodesia, again to Russia, to Southern 
Rhodesia, and now again to Turkey. At the present 
time about one-third of the ore from which chromium 
is produced comes from the British Empire, which 
possesses extensive deposits in Southern Rhodesia, 
the Union of South Africa and India. An indication 
of the rapid increase in the world’s production is 
given by the fact that in 1918, with an output of 
59,000 tons, India provided 20 per cent. of the world’s 
total, whereas India’s peak production of 62,307 
tons, attained in 1937, represented only about 5 per 
cent. of the world’s total. This greatly increased 
demand for chrome ore arises very largely from 
advances originally made by the Sheffield metal- 
lurgists and experts on refractories, whose work is 
recognised in the introductory survey. 

The authors are to be congratulated on producing 
an interesting and valuable monograph, the data 
for which unfortunately could not, owing to present 
circumstances, be carried beyond 1938. 








